Background Disordered swallowing, or dysphagia, is almost always present to some degree in people with Parkinson's disease (PD), either causing aspiration or greatly increasing the risk for aspiration during swallowing. This likely contributes to aspiration pneumonia, a leading cause of death in this patient population. Effective airway protection is dependent upon multiple behaviors, including cough and swallowing. Single voluntary cough function is disordered in people with PD and dysphagia. However, the appropriate response to aspirate material is more than one cough, or sequential cough. The goal of this study was to examine voluntary sequential coughing in people with PD, with and without dysphagia. Methods Forty adults diagnosed with idiopathic PD produced two trials of sequential voluntary cough. The cough airflows were obtained using pneumotachograph and facemask and subsequently digitized and recorded. All participants received a modified barium swallow study as part of their clinical care, and the worst penetration-aspiration score observed was used to determine whether the patient had dysphagia.
Introduction
The ability to effectively protect the airway is dependent upon multiple behaviors, including both coughing and swallowing. Swallowing and coughing are sensorimotor behaviors that prevent material from entering the lower airway or eject material from the lower airway, respectively. Both airway-protective mechanisms can become disordered; however, the traditional focus of clinical evaluation and treatment has been swallowing (dysphagia). Research completed in the past decade provides strong evidence that cough function is degraded with neurologic and neurodegenerative diseases and that disordered cough is likely to co-occur with disordered swallowing [1] [2] [3] .
The organization and effectiveness of a single voluntary cough can provide insight into swallowing dysfunction. Smith-Hammond and colleagues [1] measured cough airflow in stroke patients and found significant reductions in cough expiratory airflow; this finding corresponded to the severity of dysphagia. People who were categorized as ''severe'' aspirators had the lowest peak expiratory airflows during a single voluntary cough. Similar findings were reported for patients with Parkinson's disease (PD). Pitts et al. [2] observed that people with PD who exhibit aspiration during a fluoroscopic swallowing evaluation have significantly reduced peak expiratory flow rates (PEFR) and increased time to achieve peak expiratory flow during single voluntary cough when compared to people with PD who do not aspirate.
Cough, which is a reflexive mechanism that protects the airway from aspirate material, typically results in more than a single event. In fact, most reflex cough testing protocols call for at least two coughs to determine a cough reflex threshold [4] . Physiologically, this observation may be related to the ability of the cough to clear material from the lower airways. The dynamic compression that occurs during cough, which accelerates and aerosolizes aspirate particulates, typically begins in the larger airway passages (trachea, main stem bronchi) and moves distally as lung volume decreases [5] . Thus, theoretically, in order to clear material from the smaller airways, cough must be produced at progressively lower and lower lung volumes. The clearing of particulate material is accomplished by producing cough epochs that consist of multiple cough reaccelerations. A cough epoch is defined as a single inhalation followed by multiple cough reaccelerations (Fig. 1) [6, 7] . The lung volume at the initiation of each successive cough reacceleration in the epoch decreases [8] .
Harris and Lawson [9] described the organization of sequential voluntary cough epochs in healthy adults. Across a 3-cough epoch, slightly over 50 % of the total air expired occurred during the first cough, followed by 28 and 19 % for the second and third cough, respectively. Hegland et al. [6] observed that equivalent expired air distributions across reflexive cough epochs produced by healthy young adults occurred in response to capsaicin. There was also a concomitant decrease in peak expiratory airflow from the first to the second and finally even a greater reduction with the third cough.
PD affects the coordination, strength, and precision of movement, and there are measurable deficits in swallowing and single voluntary cough function [2, 10, 11] . The goal of this study was to identify whether similar deficits exist in sequential voluntary cough function. We hypothesized that PD participants with penetration or aspiration of material to the airway (PD-PA) would have significantly reduced voluntary sequential cough airflow parameters and changes to the distribution of cough-expired airflow compared to a group of PD participants who did not have penetration or aspiration of material into the airway (PD-noPA).
Methods
Forty patients provided informed consent and were enrolled in an Institutional Review Board (IRB)-approved DBS database (INFORM-PD). For all participants, the diagnosis of idiopathic PD was determined by a University of Florida Neurologist fellow trained in movement disorders using UK Brain Bank Criteria [12] . Participant demographic information is included in Table 1 . Participants were excluded from analysis if they had a history of other neurologic diseases, deep brain stimulation surgery, chronic respiratory disease, head or neck cancer, or dysphagia stemming from another disorder other than PD. All participants were able to follow the instructions for both the cough and swallow evaluations.
Equipment
Voluntary sequential cough airflow data were recorded via face mask in line with an antibacterial filter attached to a pneumotachograph (MLT 1000; ADInstruments, Dunedin, New Zealand). The pneumotachograph input differential pressure change to the digital spirometer (ADInstruments), where it was then digitized (PowerLab, ADInstruments) and recorded (LabChart 7, ADInstruments) for analysis. A 3-L syringe was used to calibrate airflow and volume.
The videofluoroscopic swallowing evaluation was completed in the lateral view using our standard clinical protocol consisting of multiple bolus consistencies and volumes. Bolus types included thin liquid, pudding-thick, and a cookie coated with pudding-thick barium. All consistencies were 40 % w/v ratio of barium sulfate concentration (Varibar Ò , E-Z-EM, Inc., Melville, NY, USA). comfortable with the mask in place. They were then given the instruction to ''cough as if something went down the wrong pipe.'' In our clinical experience, this instruction elicits multiple sequential coughs. In cases where multiple coughs were not produced, the behavior was modeled by the clinician. Two trials of the sequential cough task were produced by each participant. Participants rested 10-30 s between the two trials. We chose to have the participants perform two trials based on time restraints related to other speech and swallow testing that were completed during the same clinical visit. Modified barium swallowing evaluations were completed as part of our comprehensive clinical protocol by a clinically certified speech-language pathologist with expertise in the evaluation of patients with movement disorders. Participants were seated upright and positioned in the lateral viewing plane using a properly collimated Siemens radiographic/fluoroscopic unit. The images were recorded at 30 frames per second. Our standard protocol for bolus delivery is two small thin-liquid boluses by spoon (*5 mL; clinician-delivered), one large cup sip (*20 mL; self-delivered), two sips in a row by cup (self-delivered), pudding-thick bolus by spoon (clinician-delivered), and cookie coated with barium (clinician-delivered).
Data Analysis
The airflow data were measured by research assistants who were blinded to the participant's PA-group status. From the voluntary sequential cough waveform, a cough (Cr1) was defined as an inspiration followed by expiratory effort against a closed glottis (compression phase) and high expiratory airflow. Cough reaccelerations (CrN) followed the initial cough (Cr1) and included the compression phase, glottal opening, and high expiratory airflow, but were not preceded by an inspiration. A cough epoch was defined as a Cr1 and all subsequent CrN associated with the same inspiration (Fig. 1) . The first three cough reaccelerations (Cr1, Cr2, and Cr3) produced for the two trials were selected for further analysis. The following parameters were measured from each of the airflow waveforms and are illustrated in Group membership (PD-PA and PD-noPA) was determined based on the worst penetration-aspiration score [13] observed by the evaluating clinician during the swallow study. We identified a PA score of 3 or worse as ''PD-PA'' and 1 or 2 as ''PD-noPA.''
Statistical Analysis
Descriptive statistics were used to summarize the data. A two-way multivariate analysis of variance (MANOVA) was used to test the hypothesis that significant differences would exist for CPD, PEFR, CVA, and %CEV between the PD-PA and PD-noPA groups, according to the sequential cough number (CrNum) in the epoch.
Results
Participants in the PD-noPA group were about 8 years younger than those in the PD-PA group (65.4 and 72.7 years, respectively), and had PD for about 2 years less than the PD-PA group (Table 1 ). All participants produced more than one cough when given the instructions to ''cough as if something has gone down the wrong pipe,'' with a range of 3-8 coughs in the PD-noPA group (median = 4), and 2-9 in the PD-PA group (median = 4). Means and standard error for the dependent variables according to group (PD-PA/PD-noPA) and CrNum are given in Table 2 .
Results of multivariate testing revealed a significant Group 9 CrNum interaction for the overall model (F = 6.576, df = 10, 414, p \ .001). Between subjects, tests showed significant interaction effects for CPD (F = 8.091, df = 2, p \ .001), PEFR (F = 4.448, df = 2, p = .013), and %CEV (F = 3.430, df = 2, p = .034). There was no significant interaction effect on CVA; however, there was a significant main effect for Group (F = 6.540, df = 1, p = .011). In general, the PD-noPA group had higher PEFR and CVA values than the PD-noPA group, with the exception of those for Cr3, where the PEFR was equivalent for both groups. CPD was longest for the first cough (Cr1) for both groups and was longer for the PD-noPA group than for the PD-PA group for Cr1 only. The PD-noPA group had a higher %CEV for Cr1 than the PD-PA group but a lower %CEV in Cr3 than the PD-PA group. The %CEV for Cr2 was the same for both groups.
Discussion
This study examined voluntary sequential cough function in people with PD, with and without penetration or aspiration of material into the airway during a modified barium swallow evaluation. The results revealed significant differences in cough airflow measures, and overall cough organization, between the two groups (Table 2, Fig. 2 ). The findings provide strong support of our central hypothesis that multiple behaviors responsible for protecting the airway are simultaneously disordered with PD. In this cohort of PD participants, those with observed aspiration or penetration of bolus material to the airway exhibited changes to their cough function that affected not only the first cough in an epoch but in some cases the second and third as well.
Similar to swallowing, coughing is a sensorimotor behavior that requires precise coordination of upper airway structures, as well as coordination with the respiratory system [14] [15] [16] . Our a priori hypothesis was that people with both PD and observed penetration or aspiration would exhibit differences in their cough function compared with those who did not exhibit airway compromise. Multiple aspects of sequential cough airflow were significantly different between the two PD groups (Fig. 3) , including CPD, PEFR, CVA, and percent cough-expired volume (%CEV). Each of these parameters is important to overall cough effectiveness. The compression phase relates to the ability to develop tracheal pressure necessary to quickly achieve the high peak expiratory airflow at the onset of the expiratory phase [16] . Cough-expired volume relates to the ability to sustain airflow in the post-peak portion of the cough, highly important for removal of material from the airway [9, 17] . Previous studies [6, 8] have shown strong relationships between these variables in sequential coughing that were not maintained in this cohort of persons with PD and penetration-aspiration.
In general, the CPD in the PD-PA group was 50 % that of the PD-no PA group, and the peak airflows for the PD-PA group was 1 L/s slower. Participants in the PD-noPA group had significantly more expired air in Cr1 and significantly less expired air in Cr3 compared to those in the PD-PA group, although the changes were relatively small (49 vs. 42 % and 15 vs. 19 % for coughs 1 and 3, respectively). Interestingly, CPD, PEFR, CVA, and %CEV measures in the PD-noPA group were similar to those previously reported for induced sequential cough in healthy young adults [6] . This indicates that multiple factors that determine overall cough effectiveness are affected in those with PD-PA, resulting in an uncoordinated sequential cough pattern (Fig. 3) . In the presence of airway compromise during swallowing, the ability to remove aspirate material from the airway is imperative. Assuming the ability to detect that a stimulus is intact, as it seems to be at least for moderate-stage PD [3, 18] , the motor response must generate the airflow and dynamic compression necessary to aerosolize and remove aspirate particulates from the airway if effective coughing is to be achieved. These results strongly suggest that in those with both PD and airway compromise during swallowing, the effectiveness of the cough motor response is reduced. The cough in response to aspirate material is reflexive in nature, a consideration that must be addressed given that the current study included voluntary sequential coughs. In terms of the cough motor output, the measurable differences between the two tasks are thought to be minimal, although few studies have directly compared their airflow measures in a patient population. Lasserson et al. [19] showed differences in the recruitment of expiratory and accessory muscle activation between voluntary and induced cough; however, the characteristic three-phase organization of coughing was maintained despite these differences. A recent study compared the peak expiratory airflow generated for voluntary and induced cough in patients who had suffered a traumatic brain injury. Results revealed slightly higher voluntary cough flow rates than that for induced cough, with a strong positive correlation between the two measures [20] . Ward et al. [21] studied voluntary and induced cough in stroke patients and found reduced PEFR, CVA, and CPD values in both types of cough compared with those in age-matched control participants. As in the TBI study, the voluntary cough peak flow was slightly higher than the induced cough peak flow [21] . These previous findings suggest that the current data may underestimate the degree to which reflexive cough airflows are reduced in people with PD-PA. Empirical testing is underway in our laboratory to directly assess this question.
Of particular interest is how the presence of penetrationaspiration relates to these changes. PD is known to affect the respiratory system [22] , and because cough is an overlaid respiratory function, it is not surprising to find changes to the coordination of a sequential cough task in this cohort of PD participants. Recent reports by Pitts et al. [23] and Bolser et al. [24] assert that cough and swallowing central pattern generators are intricately connected within brainstem centers. Davenport et al. [25] hypothesized that brainstem respiratory centers are actually reconfigured to produce cough and swallow behaviors. This emerging evidence suggests common pathologic pathways that underlie degeneration of both behaviors at the level of the brainstem. It may be that additional supramedullary neural structures participating in the generation of each behavior, for example, the anterior cingulate, insular cortex, and primary and premotor areas [26, 27] , also mediate these concomitant changes in function. These are important questions that should be addressed in future studies.
Study Limitations
Risk of airway compromise in this study was determined based on penetration-aspiration [13] . It was felt that this functional metric of airway protection was fitting for this particular population given that aspiration pneumonia is the leading cause of death in PD. It is entirely possible for a patient to be dysphagic without penetration or aspiration observed on instrumental examination. However, for this particular population where swallowing changes are known to occur with disease progression, the PA scale allows for quantification of the functional consequences of physiologic changes to the swallowing mechanism. Therefore, even in the PD-noPA group, in most cases the swallow would not be termed ''normal''; instead, the physiologic changes occurring are not yet leading to the entrance of bolus material into the airway. Certainly, a more in-depth analysis of the specific physiologic and bolus flow characteristics, such as that obtained by using the MBSImp Ò (Modified Barium Swallow Impairment Profile; Northern Speech Services, Gaylord, MI, USA), would potentially yield more specific results.
In this study all participants were recruited clinically and had PD. While they arrive at our clinic ''on'' medication, we did not control the precise timing for this study. Also, it is important to study these parameters in a cohort of age-matched control participants in order to better understand which changes are part of healthy aging and which are specifically related to the presence of PD. Lastly, information on history of pneumonia should be included in future studies, as Yamanda et al. [28] have identified differences in urge-to-cough sensation in persons with a history of pneumonia. It remains unclear whether similar differences would exist for voluntary cough airflows according to pneumonia history.
Conclusions and Future Directions
This study adds to a growing body of literature indicating that multiple motor aspects of cough function are affected in people who have both PD and airway compromise during swallow. There are likely several contributing factors that are interrelated, indicating several potential intervention approaches for improving cough function. A recent study by Ruddy et al. [29] reported an increased CPD and PEFR in three patients with glottal insufficiency who underwent Radiesse TM Voice injections (Merz Aesthetics, San Mateo, CA, USA). Pitts et al. [23] found that expiratory muscle strength training (EMST) improved maximum expiratory pressure and cough peak expiratory airflow in ten patients with PD. Inzelberg et al. [30] found increased inspiratory strength (measured as inspiratory pressure generated at the mouth) and endurance in a cohort of 20 participants with mid-to moderate-stage PD following inspiratory muscle training. These researchers did not measure cough function; however, these changes theoretically could lead to changes in lung volume at cough initiation, with subsequent effects on cough airflow measures. Given the coordinated nature of sequential cough epochs and the importance of sequential cough for clearing the lower airways, it is likely that any treatment for cough would require some focus on producing more than one cough at a time in a coordinated fashion. That is, the strength and coordination of coughs should be addressed along with task-specific behavioral training. Work in our laboratory is ongoing to develop multimodal treatments that improve not only strength but also coordination of cough function. We continue to work to identify underlying mechanisms of disordered cough in PD in order to understand the interrelationships between central control, laryngeal, and respiratory subsystems in the development of cough disorders, and ultimately aspiration pneumonia which is a leading cause of death in PD.
